Introduction
============

The chloroplast is the single site of fatty acid synthesis in plants (Ohlrogge et al., [@B21]). Fatty acid synthesis in isolated spinach chloroplasts and in maize leaves is completely dependent on the presence of light, while in spinach leaf disks, the rate of fatty acid synthesis in the dark was reduced to 12--20% of the light rate (Browse et al., [@B7]). Sasaki et al. ([@B23]) determined that the light-dependence of fatty acid synthesis was due to regulation of acetyl CoA carboxylase, the first enzyme in fatty acid synthesis, by a light-driven redox cascade; phosphorylation--dephosphorylation may also play a role in the light--dark regulation of acetyl CoA carboxylase (Savage and Ohlrogge, [@B24]). Expressing fatty acid composition in mole percentage of total fatty acyl chains, Browse et al. ([@B7]) found that there was a diurnal fluctuation of fatty acid composition in spinach leaves, with oleate (18:1) increasing in the light and linolenate (18:3) increasing in the dark. Linolenate is one of the two major fatty acid chains with three double bonds (i.e., trienoates) in *Arabidopsis* leaves, the other being hexatrienoate (16:3). Browse et al. ([@B7]) attributed the fatty acid compositional change mainly to the phosphatidylcholine (PC) class and interpreted their data to mean that fatty acid desaturation, particularly on PC, continues in darkness, when fatty acid synthesis is slowed or stopped, allowing existing fatty acyl chains to increase in unsaturation. An investigation of diurnal variation in *Arabidopsis thaliana* polar lipid composition corroborated these early results and extended them to this model plant species (Ekman et al., [@B10]). Ekman and coworkers, like the previous workers, separated *Arabidopsis* leaf lipids into head group classes and analyzed the fatty acyl composition of each class, determining that PC, phosphatidylethanolamine (PE), and phosphatidylglycerol (PG) exhibited diurnal compositional variation, with 18:1 level highest in the light period and linoleate (18:2) and 18:3 levels highest in the dark period.

Very recently, Burgos et al. ([@B8]) used liquid chromatography (LC)--mass spectrometry (MS) to examine plant response in the first 6 h after switching light conditions. Polar lipid species were determined as apparent molecular species, with head group, total fatty acyl carbons, and total carbon--carbon double bonds specified. These authors examined the major polar lipids, but did not include lysophospholipids or the phosphatidic acid (PA) class. In the current work diurnal polar lipid fluctuations were measured in *Arabidopsis* leaves. In comparison to previous studies, additional lipids were determined, including PA, lysoPC (LPC), lysoPE (LPE), and lysoPG (LPG).

Plants contain acylhydrolase and acyltransferase activities that can potentially "remodel" PC, via a reversible acyl CoA:lysophosphatidylcholine acyl transferase reaction or via PC hydrolysis to LPC and a fatty acid, with reacylation of LPC after fatty acid activation (Stymne and Stobart, [@B25]; Bessoule et al., [@B5]; Kjellberg et al., [@B13]; Matos and Pham-Thi, [@B18]). Recent analyses in pea leaves and soybean embryos show that PC undergoes remodeling via "acyl editing," in which fatty acids are removed and replaced, and the amount of incorporation of recycled fatty acids into PC in these systems is greater than *de novo* fatty acyl incorporation (Bates et al., [@B3], [@B2]). These results may have implications for diurnal cycling of lipid composition. It is also possible that the activity of phospholipase D (PLD), which can convert phospholipids, such as PC, to PA may relate to diurnal compositional changes.

Materials and Methods
=====================

Plant materials
---------------

Wild-type plants were *A. thaliana* (Columbia-0 accession). The knockout (KO) mutants were all in the Columbia-0 accession and were identified from Salk T-DNA lines (Alonso et al., [@B1]) through analysis of the SiGnAL database ([www.signal.salk.edu/cgi-bin/tdnaexpress](www.signal.salk.edu/cgi-bin/tdnaexpress)). Seeds were obtained from the Ohio State University Arabidopsis Biological Resource Center (ABRC). The genes, KO mutants, their Salk line numbers, and gene numbers are: *PHOSPHOLIPASE D*α*1*, *pld*α*1*, SALK_053785, At3g15730; *G-PROTEIN α1 SUBUNIT*, *gpa1*, SALK_066823, At2g26300; *PHOSPHOLIPASE D*ζ*1, pld*ζ*1*, SALK_083090, At3g16785; and *PHOSPHOLIPASE D*ζ*2, pld*ζ*2*, SALK_094369, At3g05630. The *pld*α*1* (KO) was confirmed as homozygous and described by Zhang et al. ([@B34]). The *PLD*α*1-*antisense-suppressed line is also in Col-0 ecotype and was generated and described by Fan et al. ([@B12]). The *gpa1* (KO) mutant was confirmed to be homozygous (Mishra et al., [@B19]). The *pld*ζ*1*and *pld*ζ2 (KOs) and the double KO mutant *pld*ζ*1*/*pld*ζ2 are described by Li et al. ([@B16]).

Plant growth
------------

Seeds of *A. thaliana* were sown in Scotts Metromix 360 soil. The pots were kept at 4°C for 2 days and then moved to a growth chamber at 21°C (constant) with 12-h light/12-h dark periods with daytime fluorescent lighting at 120 μmol m^−2^ s^−1^, 70% relative humidity. Plants were transplanted in the same soil at 21 days of age, with two plants grown in each 10 cm × 10 cm × 15 cm pot.

Sampling and extraction
-----------------------

Sampling began when the plants were 40--46 days old, and occurred at time points indicated in figure and table legends. During sampling the entrance to the growth chamber was covered with black plastic and sampling during the dark period was done under the plastic using a 3-W night light covered with a green filter. At each time point, samples were taken from five plants; the pots containing these plants were discarded after sampling. For each sample, three to five leaves were collected and immediately immersed in 75°C isopropanol with 0.01% butylated hydroxytoluene to halt any enzyme activity or lipid oxidation. Extraction was performed as described by Welti et al. ([@B31]). The leaf tissues remaining after extraction were dried in an oven at 105°C overnight and weighed to obtain the "extracted dry masses" of the samples.

Polar lipid profiling by triple quadrupole mass spectrometry
------------------------------------------------------------

Sample preparation and internal standard addition for the initial experiment and Experiment 1 were performed as described (Wanjie et al., [@B30]). Samples were analyzed on an electrospray ionization (ESI) "triple" quadrupole mass spectrometer (API 4000, Applied Biosystems, Foster City, CA, USA). Data collection and processing for the initial experiment and Experiment 1 were as described by Devaiah et al. ([@B9]). For Experiments 2 and 3, separate galactolipid samples were not prepared; instead, the galactolipids were analyzed from the same samples as the phospholipids. In Experiments 2 and 3, the galactolipid internal standards, 16:0--18:0-monogalactosyldiacylglycerol (MGDG), di18:0-MGDG, 16:0--18:0-digalactosyldiacylglycerol (DGDG), and di18:0-DGDG (Devaiah et al., [@B9]), were added to an aliquot of the plant extract along with the phospholipid standards. Solvent was added such that the ratio of chloroform/methanol/300 mM ammonium acetate in water was 300:665:35 and the final volume was 1.4 mL. Mass spectral analysis for Experiments 2 and 3 was as described by Devaiah et al. ([@B9]) except that, MGDG was scanned as the \[M + NH~4~\]^+^ ion in positive ion mode with a neutral loss (NL) scan, NL 179.1, and DGDG was scanned as \[M + NH~4~\]^+^ in positive ion mode with NL 341.1. In Experiments 2 and 3, for MGDG and DGDG, the declustering potential was +90 V, the entrance potential was +10 V, and the exit potential was +23 V. The collision energies, with nitrogen in the collision cell, were +21 V for MGDG, and +24 V for DGDG. Data processing was as previously described (Wanjie et al., [@B30]).

Previous work has shown that various phospholipid species within a class, such as the *Arabidopsis* phospholipids and their internal standards, produce similar, but not quite identical, amounts of mass spectral signal per mole, allowing absolute quantification of phospholipid molecular species if multiple internal standards are utilized (Koivusalo et al., [@B14]). On the other hand, galactolipid molecular species quantification is not absolute. This is because galactolipid molecular species vary somewhat in their propensity to ionize, and the degree of variation is dependent on which adduct is formed during ionization. Because naturally occurring galactolipid molecular species are not available as purified components, determining response factors for each molecular species is not currently feasible. In the current work, the quantity of each lipid was determined as normalized mass spectral signal (i.e., normalized to the two internal standards of that class). We have divided the normalized signal either by the extracted dry mass (to produce normalized mass spectral (MS) signal/mg extracted dry mass) or by the total normalized signal (to produce percentage of normalized MS signal). This approach allows comparison of quantities of lipid species and classes among samples.

Collision induced dissociation time-of-flight MS
------------------------------------------------

Electrospray ionization--collision induced dissociation (CID)--time-of-flight (TOF) MS spectra were acquired with a Micromass Q-TOF-2 tandem mass spectrometer (Micromass, Ltd., Manchester, UK) as described previously (Esch et al., [@B11]). Data were processed using Micromass MassLynx software and were exported to Excel; peaks within 0.004 u of the accurate *m*/*z* of fatty acyl anions were identified and quantified as described (Esch et al., [@B11]). The intensities of acyl-specific signals were summed, divided by the total signal, and multiplied by 100 to obtain the percentage of the total fatty acid signal.

Principal component analysis
----------------------------

Principal component analysis was performed using Pirouette Lite software after autoscaling and log~10~ transformation of the data. The data set included the data from Experiments 2 and 3; compositional data from 79 samples with 141 lipid species per sample were included.

Statistical analysis
--------------------

In Experiments 1, 2, and 3, data from samples of leaves harvested 11 h into the light period were pooled and data from samples of leaves harvested 11 h into the dark period were pooled. The two sets were compared by *t*-test in Excel. A *p* value \<0.05 was considered significant, and lipids significantly different between dark and light conditions in two or three of the three experiments are reported in the experimental summaries (for polar lipid molecular species and fatty acyl chains). In the mutant analysis, levels of total PA in the light were subtracted from levels of total PA in the dark; the error was propagated by taking the square root of the sum of the squares of the SD of each total PA measurement. The *p* values were calculated using the unpaired *t*-test GraphPad Software calculator at [www.graphpad.com/quickcalcs](www.graphpad.com/quickcalcs).

Results
=======

Direct infusion ESI triple quadrupole MS in precursor and neutral loss scanning modes was used to detect 141 lipid species in 8 diacyl and 3 monoacyl polar lipid classes, identified by head group, total acyl fatty acids, and total carbon: carbon double bonds. Each lipid species was quantified by comparison of its mass spectral intensity with those of two non-naturally or very rarely occurring lipid species of the same class.

The levels of various polar lipids in *A. thaliana* leaves of approximately 6-week-old plants grown at constant temperature (21°C) with a 12-h light/12-h dark cycle were determined. In an initial experiment, five leaf lipid samples (each sample being an extract from three to five leaves) were analyzed at time points spanning 49.5 h and two full dark--light cycles. Several apparent lipid molecular species and the PA lipid class showed clear cyclical variation in amount as a function of the dark and light cycles. The data for lipid molecular species PC 36:6 (18:3/18:3), PC 34:1 (16:0/18:1), the PA class, and PA 34:3 (primarily 16:0/18:3) are shown in Figure [1](#F1){ref-type="fig"}. Individual sample data for the entire initial experiment are supplied in the Table S4 in Supplementary Material in Excel format. For the lipids undergoing cycling, the changes during each period of the diurnal cycle (dark or light) were cumulative, with the greatest changes generally observed toward the end of each light or dark period; the 11-h time points, indicated in Figure [1](#F1){ref-type="fig"} for light (green arrows) and dark (red arrows), were chosen for further experimentation.

![**Changes in lipid molecular species PC 36:6 and PC 34:1 (A) and PA lipid class and molecular species PA 34:3 (B) through 12-h light/12-h dark periods**. Data are reported as normalized (to internal standard amounts) MS signal per extracted dry mass (in mg). The black and yellow line indicates the timing of the 12-h dark and light periods. The time indicated as 0 h is the time of the first sampling, which occurred 11 h into a 12-h light period (or 1 h before the start of the first full dark period). In each panel, green arrows indicate the points 11 h into the 12-h light periods and red arrows indicate the points 11 h into the 12-h dark periods. These time points were chosen for later experiments.](fpls-03-00049-g001){#F1}

The experiment shown in Figure [1](#F1){ref-type="fig"} suggested that diurnal variation could be detected, but changes in some species and classes \[e.g., phosphatidylserine (PS)\] were not clearly delineated. To better define the lipid changes occurring in dark and light periods, a larger number of observations were made 11 h after the start of the light and dark periods. Twenty plants/samples per group were analyzed and the experiment was repeated three times. Experiment 1 differed from Experiments 2 and 3 in that galactolipids were determined as \[M + Na\]^+^ adducts in Experiment 1 and as \[M + NH~4~\]^+^ adducts in 2 and 3. Forming different adducts altered the absolute values of the intensities somewhat among experiments, but allowed comparison, within each experiment, of lipid quantities from leaves harvested in the light compared to the dark periods.

The data show the lipid mass spectral signal is 9--12% lower at the end of the light period than at the end of the dark period (Table S1 in Supplementary Material). Ekman et al. ([@B10]) showed that starch, which was measured at 0% at the end of the dark period, rose to about 6% of the *Arabidopsis* dry mass at the end of the light period. The higher content of starch, and possibly other substances, in the light is likely to account for at least part of the lower lipid signal per dry mass in the light in this experiment. However, some fraction of the observed higher levels of polar lipids in the dark could be due to the incorporation of fatty acids synthesized during the light period into complex lipids or to conversion of other metabolites to polar lipids in the dark. Because the basis for the apparent decrease in the polar lipid pool in the light might be reflective of dry mass as well as lipid changes, lipid amounts are reported in relation to the dry mass and in relation to total analyzed lipid amount; the latter are independent of dry mass measurements. Table S1 in Supplementary Material indicates average normalized MS signal per mg of extracted dry mass, and Table S2 in Supplementary Material indicates average percentage of normalized MS signal; individual sample data are supplied in the Tables S5--S7 in Supplementary Material in Excel format. Here, "normalized" refers to quantification of MS signal for an apparent molecular species or lipid class in relation to the internal standard signals.

The significant changes shown in Tables S1 and S2 in Supplementary Material are summarized in Table [1](#T1){ref-type="table"}, and the data from Experiment 1 are depicted in Figures [2](#F2){ref-type="fig"}--[4](#F4){ref-type="fig"}. In Table [1](#T1){ref-type="table"}, "light" and "dark" in the third column indicate the lipid species and classes that were significantly changed (*p* \< 0.05) in the same direction in all three experiments, while "(light)" and "(dark)" indicate those that were significantly changed in two experiments and changed in the same direction in the third experiment. Principal component analysis of the pooled data from Experiments 2 and 3 (Figure S1 in Supplementary Material) showed that the differences in compositions in light and dark periods were clearly distinguishable. A plot of Factor 1 vs. Factor 2, which accounted for 26.2 and 10.9%, respectively, of the variance in the data, separated samples collected in the dark and light based on their lipid compositions.

###### 

**Polar lipid molecular species significantly changed at end of dark or light period**.

  Lipid                   Fatty acyl species                               Time that the indicated lipid is highest (see legend for details)
  ----------------------- ------------------------------------------------ -------------------------------------------------------------------
  Total analyzed lipids                                                    dark/not applicable
  PA 34:2                 18:2--16:0                                       Dark/--
  PA 34:3                 18:3--16:0 \> 18:2--16:1                         Dark/dark
  PA 36:4                 18:2--18:2 \> 18:3--18:1                         Dark/--
  PA 36:5                 18:2--18:3                                       Dark/dark
  PA 36:6                 18:3--18:3                                       Dark/(dark)
  Total PA                                                                 Dark/(dark)
  PS 34:2                                                                  Dark/(dark)
  PS 34:3                                                                  Dark/dark
  PS 36:2                 18:2--18:0                                       (Dark)/--
  PS 36:3                 18:3--18:0, 18:2--18:1                           (Dark)/--
  PS 36:4                 18:3--18:1, 18:2--18:2                           (Dark)/--
  PS 36:5                 18:3--18:2                                       Dark/dark
  PS 38:2                                                                  (Dark)/--
  PS 38:3                                                                  (Dark)/--
  PS 38:4                                                                  (Dark)/--
  PS 40:2                 22:0--18:2                                       Dark/(dark)
  PS 40:3                 22:0--18:3                                       Dark/--
  PS 42:2                 24:0--18:2                                       Dark/dark
  PS 42:3                 24:0--18:3, 24:1--18:2                           Dark/dark
  PS 42:4                 24:1--18:3                                       Dark/dark
  PS 44:3                 26:0--18:3                                       (Dark)/(dark)
  Total PS                                                                 Dark/dark
  PI 34:1                 16:0--18:1                                       (Light)/(light)
  PI 34:2                 16:0--18:2                                       (Dark)/--
  PI 34:3                 18:3--16:0                                       (Dark)/--
  PI 36:3                 18:1--18:2, 18:0--18:3                           Light/light
  PI 36:4                 18:2--18:2, 18:1--18:3                           Light/light
  PI 36:6                 18:3--18:3                                       (Dark)/--
  Total PI                                                                 (Dark)/--
  PE 36:3                 18:0--18:3, 18:1--18:2                           --/Light
  PE 38:2                 20:0--18:2                                       --/(Light)
  PC 32:0                                                                  (Dark)/dark
  PC 34:1                 16:0--18:1                                       Light/light
  PC 34:2                 16:0--18:2                                       (Dark)/--
  PC 34:3                 16:0--18:3                                       Dark/(dark)
  PC 34:4                 16:1--18:3                                       Dark/(dark)
  PC 36:2                 18:0--18:2 \> 18:1--18:1                         Light/light
  PC 36:3                 18:1--18:2 \> 18:0--18:3                         Light/light
  PC 36:4                 18:2--18:2 \> 18:1--18:3                         (Light)/light
  PC 36:5                 18:3--18:2                                       Dark/(dark)
  PC 36:6                 18:3--18:3                                       Dark/dark
  PC 38:2                                                                  --/Light
  PC 38:3                 20:1--18:2 \> 20:0--18:3                         --/Light
  PC 38:6                                                                  Dark/--
  PC 40:4                                                                  (Dark)/--
  PC 40:5                                                                  (Dark)/--
  Total PC                                                                 (Dark)/--
  PG 32:0                 16:0--16:0                                       (Dark)/--
  PG 32:1                 16:0--16:1                                       Dark/dark
  PG 34:1                 18:1--16:0 \> 16:1--18:0                         Light/light
  PG 34:2                 18:2--16:0, 16:1--18:1                           (Dark)/--
  PG 34:3                 18:3--16:0 \> 16:1--18:2                         Dark/(dark)
  PG 34:4                 18:3--16:1                                       Dark/--
  Total PG                                                                 Dark/--
  MGDG 34:1               18:0--16:1 \> 16:0--18:1                         (Light)/light
  MGDG 34:2               18:1--16:1 \> 16:0--18:2                         Light/light
  MGDG 34:3               16:0--18:3, 18:2--16:1, 18:0--16:3, 18:1--16:2   Light/light
  MGDG 34:4               18:3--16:1, 18:2--16:2, 18:1--16:3               Light/light
  MGDG 34:5               18:3--16:2, 18:2--16:3                           --/(Light)
  MGDG 34:6               18:3--16:3                                       Dark/(dark)
  MGDG 36:2                                                                (Light)/light
  MGDG 36:3               18:3--18:0                                       (Light)/(light)
  MGDG 36:6               18:3--18:3                                       Dark/(dark)
  Total MGDG                                                               Dark/--
  DGDG 34:1                                                                --/Light
  DGDG 34:3               16:0--18:3 \> 18:2--16:1                         Dark/--
  DGDG 34:4                                                                Dark/--
  DGDG 34:5               18:3--16:2 \> 18:2--16:3                         (Dark)/--
  DGDG 34:6               18:3--16:3                                       Dark/--
  DGDG 36:3               18:3--18:0, 18:2--18:1                           (Dark)/--
  DGDG 36:4               18:2--18:2, 18:1--18:3                           (Dark)/--
  DGDG 36:6               18:3--18:3                                       Dark/(dark)
  DGDG 38:4                                                                (Dark)/--
  DGDG 38:6               20:3--18:3                                       Dark/dark
  Total DGDG                                                               Dark/--
  LPC 18:1                                                                 Light/light
  LPC 18:2                                                                 --/(Light)
  LPG 18:1                                                                 (Light)/light

*Forty- to 46-day-old *Arabidopsis thaliana* plants, grown at 21°C with a 12-h light/12-h dark cycle were sampled 11 h into the dark and light periods for four dark--light cycles. The experiment was repeated three times. For each experiment, data (five biological replicates at each sampling point) from the dark periods were pooled, and data from the light periods were pooled. Data from all three experiments showing a significant difference (*p* \< 0.05) in the same direction between dark and light periods are indicated as "dark" or "light"; changes in two experiments that were significant, with the third showing a change in the same direction, are indicated as "(dark)" or "(light)." The significant effects shown in the third column are based on normalized lipid MS signal per extracted dry mass (listed first) and percentage of normalized lipid MS signal (after slash); a hyphen indicates no significance. Complete details are in Tables S1 and S2 in Supplementary Material. Fatty acyl species in each class were determined previously (Welti et al., [@B31]; Devaiah et al., [@B9]; Burgos et al., [@B8]; Samarakoon et al., [@B22]) and are summarized in Samarakoon et al. ([@B22])*.

![**Total lipid in each class at the end of the dark and light periods**. The data are from Experiment 1. **(A)** Minor diacyl polar lipids and lysophospholipids, **(B)** Major diacyl polar lipids. The black bars represent the levels at the end of the dark period and the light yellow bars represent the levels at the end of the light period. The "D" symbol indicates that the amount of normalized mass spectral signal per extracted dry mass was significantly higher (*p* \< 0.05) at the end of the dark period than at the end of the light period in this experiment. *n* = 20 for dark; *n* = 19 for light.](fpls-03-00049-g002){#F2}

As shown in Figure [2](#F2){ref-type="fig"} and Table [1](#T1){ref-type="table"}, lipid classes that were significantly higher at the end of the dark period in all three experiments, on the basis of signal per extracted dry mass, were PA, PS, PG, MGDG, and DGDG. When the data are considered on the basis of percentage of total polar lipid signal, only the PA (in 2 experiments) and PS (in all 3 experiments) classes were significantly higher in the dark. These data confirmed the result of the initial experiment in which an increase in total PA in the dark was observed (Figure [1](#F1){ref-type="fig"}). PA and PS were the only two classes in which all significantly changed lipid species within the classes were higher in the dark. This was true whether the data were normalized to extracted dry mass or considered as percentage of total lipid signal.

On the other hand, regardless of the way the data were normalized, the PC, PG, and MGDG classes included molecular species that were significantly increased in the light period and others that were significantly increased in the dark period (Figure [3](#F3){ref-type="fig"}; Table [1](#T1){ref-type="table"}; Tables S1 and S2 in Supplementary Material). PC 34:1, 36:2, 36:3, and 36:4, PG 34:1, and MGDG 34:2, 34:3, 34:4, and 36:2 were consistently higher in the light than in the dark. None of these lipid species are desaturated to the fullest extent possible. Although some of the total acyl carbon: total acyl carbon--carbon double bond designations represent more than one compound, most of these apparent molecular species include a combination of fatty acyl species containing 18:1 (Table [1](#T1){ref-type="table"}). In contrast, PC, PG, and MGDG molecular species that are consistently higher at 11 h into the dark period include PC 34:3, 34:4, 36:5, and 36:6, PG 34:4, 34:3, and MGDG 34:6 and 36:6. These lipids all include a fatty acyl species combination containing 18:3 (Table [1](#T1){ref-type="table"}).

![**Lipid molecular species at the end of the dark and light periods**. The data are from Experiment 1. **(A)** PA, **(B)** PS, **(C)** PI, **(D)** PE, **(E)** PC, **(F)** PG, **(G)** MGDG, **(H)** DGDG. The black bars represent the levels at the end of the dark period and the light yellow bars represent the levels at the end of the light period. The "D" symbol indicates that the amount of normalized mass spectral signal per extracted dry mass was significantly higher (*p* \< 0.05) at the end of the dark period than at the end of the light period in this experiment, while the "L" symbol indicates that the amount of normalized mass spectral signal per extracted dry mass was significantly higher (*p* \< 0.05) at the end of the light period than at the end of the dark period. *n* = 20 for dark; *n* = 19 for light. Note the break in the *y*-axis and the change in scales above and below the break.](fpls-03-00049-g003){#F3}

The importance of unsaturation in distinguishing lipid composition in the light and dark periods is supported by examining the loadings values from the Principal Component Analysis (Table S3 in Supplementary Material). These values indicate the lipids most important in accounting for the variance in Factors 1 and 2. Factor 1 was related primarily to unsaturation, with positive values associated with higher unsaturation; samples collected at the end of dark period tended to have higher values of Factor 1. Factor 2 was negatively related to the abundance of PS and PA species; samples collected at the end of the dark period had higher levels of PS and PA and tended to have lower values of Factor 2.

Collision induced dissociation time-of-flight MS (CID--TOF MS) confirmed the changes in fatty acyl composition indicated by changes in polar lipid molecular species composition. After ESI of the lipid extract in negative mode, all ions were allowed to pass into the collision cell of a quadrupole TOF mass spectrometer without mass/charge (*m*/*z*) selection in the first quadrupole. The lipid ions were fragmented as a group in the collision cell and scanned by TOF MS. The negative-ion fragment spectrum provides accurate *m*/*z* data of all fatty acyl chains in the sample. Although the observed intensities may not be directly proportional to the abundance of each acyl species in the original mixture, the values allow comparison of the relative abundance of acyl species among samples (Esch et al., [@B11]).

In Table [2](#T2){ref-type="table"}, the CID--TOF MS data are presented as percentage of total observed signal. Individual CID--TOF MS sample data are supplied in the Table S8 in Supplementary Material in Excel format. The data clearly show that 18:3 and 16:3 fatty acyl chains were higher at the end of the dark period, while 16:1, 16:2, 18:0, and 18:1 chains were higher in the light period. In particular, and consistent with the results of Ekman et al. ([@B10]), 18:1 was increased to a large extent, here determined to be 53--70%, during the light period.

###### 

**Fatty acyl chain levels (% of signal) determined by CID--TOF mass spectrometry**.

  Fatty acyl chains from complex lipids   Time that the indicated fatty acyl chain is highest   Experiment 1   Experiment 2   Experiment 3                                                                     
  --------------------------------------- ----------------------------------------------------- -------------- -------------- -------------- ---- ------- ------- ----------- ---- ------- ------- ----------- ----
  16:0                                                                                          10.99          11.16          *0.237*        2    11.18   11.50   **0.043**   3    12.18   12.30   *0.229*     1
  16:1                                    Light                                                 2.32           2.70           **0.000**      17   2.43    2.67    **0.000**   10   2.51    2.81    **0.000**   12
  16:2                                    Light                                                 0.95           1.16           **0.000**      22   0.92    1.08    **0.000**   17   0.79    0.89    **0.000**   13
  16:3                                    Dark                                                  10.73          10.34          **0.033**      −4   10.41   9.91    **0.001**   −5   8.82    8.46    **0.004**   −4
  18:0                                    Light                                                 0.51           0.60           **0.000**      17   0.54    0.62    **0.000**   15   0.56    0.67    **0.000**   20
  18:1                                    Light                                                 2.92           4.96           **0.000**      70   2.89    4.59    **0.000**   59   3.49    5.34    **0.000**   53
  18:2                                                                                          18.68          18.88          *0.400*        1    18.67   18.86   *0.344*     1    20.65   20.87   *0.363*     1
  18:3                                    Dark                                                  51.53          49.19          **0.000**      −5   51.78   49.53   **0.000**   −4   49.75   47.54   **0.000**   −4

*Arabidopsis thaliana* plants, grown at 21°C with a 12-h light/12-h dark cycle, were sampled 11 h into the dark and light periods for four dark--light cycles. The experiment was repeated three times. For each experiment, data (five biological replicates at each sampling point) from the dark periods were pooled, and data from the light periods were pooled, producing *n* = 20 for each. Data were normalized to the total of all detected acyl chain signals. The listed fatty acyl chains accounted for 98.6--99.0% of the total signal for each pool. Data from the end of the dark period and the end of the light period were compared by *t*-test, and the *p* values are reported. Values of *p* \< 0.05 are in bold italics. Data from all three experiments showing a significant difference (*p* \< 0.05) in the same direction between light and dark periods are indicated in the second column as "dark" or "light."

The higher levels of 18:1 during the light period were reflected in consistent increases in the lysophospholipid species LPC 18:1 and LPG 18:1 in the light period (Table [1](#T1){ref-type="table"}; Figure [4](#F4){ref-type="fig"}). PI molecular species followed a pattern similar to PC species, with 18:1-containing species higher in the light and 18:3-containing species higher in the dark. The PE class was the least affected by consistent diurnal fluctuations.

![**Lysophospholipid molecular species at the end of the dark and light periods**. The data are from Experiment 1. **(A)** LPE, **(B)** LPC, **(C)** LPG. The black bars represent the levels at the end of the dark period and the light yellow bars represent the levels at the end of the light period. The "L" symbol indicates that the amount of normalized mass spectral signal per extracted dry mass was significantly higher (*p* \< 0.05) at the end of the light period than at the end of the dark period. N.D. indicates that LPE 18:0 and LPG 18:0 were not determined. *n* = 20 for dark; *n* = 19 for light. Note the break in the *y*-axis and the change in scales above and below the break.](fpls-03-00049-g004){#F4}

Phosphatidic acid functions both as a biosynthetic precursor and as a signaling molecule. As a biosynthetic precursor, PA 34:1 (16:0/18:1) or PA 36:2 (18:1/18:1) is formed *de novo* either within the plastid or in the endoplasmic reticulum. The PA species that were significantly higher in the dark were mainly highly unsaturated molecular species, perhaps not obviously consistent with PA's role as a biosynthetic precursor, so the possibility that some portion of cycling PA was formed by hydrolysis of phospholipids containing polyunsaturated fatty acids was considered. It was hypothesized that temporal PA cycling might be due to the action of phospholipase D (PLD), which can hydrolyze phospholipids to form PA. If phospholipid hydrolysis were occurring in the dark to a greater extent than in the light, removal of the hydrolyzing enzyme should reduce the magnitude of the difference between PA levels in dark and light. To begin to test this hypothesis, plants deficient in three of the 12 phospholipase D gene products (Li et al., [@B15]) were subjected to dark--light cycles along with the wild-type plants in Experiments 1, 2, and 3, and their leaf lipids were extracted and analyzed. The analyzed mutants included a PLDα1 knockout mutant (*pld*α*1*), a *PLD*α*1*-antisense-suppressed line, an α-subunit-of-a-G-protein knockout mutant \[*gpa1*, Gα suppresses PLDα1 (Zhao and Wang, [@B35])\], PLDζ1 and PLDζ2 knockouts (*pld*ζ*1* and *pld*ζ*2*), and a double knockout of PLDζ1/ζ2. Table [3](#T3){ref-type="table"} shows that some of the mutants differed from wild-type plants in basal leaf levels of PA. Additionally, in most cases, the mutants, like wild-type plants, showed significantly lower levels of PA near the end of the light period than near the end of the dark period. This indicates that some PA cycling occurs in the mutants. However, when the magnitude of the difference in light and dark PA levels was compared, significantly less change was observed for total PA in leaves of *PLD*α*1*-antisense-suppressed plants than in total PA in leaves of wild-type plants in Experiment 1. However, in Experiment 2, no significant change in the magnitude of light--dark PA difference was observed in *PLD*α*1*-antisense-suppressed or in *pld*α1 vs. wild-type. In other words, the importance of PLDα1 in producing the increased in PA in the dark, suggested in Experiment 1, was not confirmed in Experiment 2. Still, in Experiment 2, the *gpa1* mutant had significantly greater PA light--dark difference than wild-type. Since Gα suppresses PLDα1, deficiency of Gα might accentuate PLDα1 activity. Taken together, Experiments 1 and 2 provide a hint, but do not clearly indicate, that PLDα1 may be contributing to higher levels of total PA in the dark period of the diurnal cycle. In Experiment 3, the *pld*ζ2 mutant tended to have a smaller light--dark leaf total PA difference and the *pld*ζ*1*/*pld*ζ2 did have a smaller light--dark leaf total PA difference than wild-type, implying that PLDζ2 is contributing to the higher total PA levels observed in wild-type in the dark. Analyzing larger numbers of mutant and wild-type plants will be required to more clearly delineate the role of each PLD gene product in diurnal leaf PA cycling, but taken together, the data suggest PLD involvement.

###### 

**Comparison of differences in dark and light leaf total PA levels for wild-type plants vs. plants defective in selected phospholipase Ds or their regulation**.

                                      Normalized mass spectral signal per extracted dry mass (signal per mg)   \% Of total normalized mass spectral signal                                                       
  ----------------------------------- ------------------------------------------------------------------------ --------------------------------------------- ------- ----------- ---------- ------------ ------- -----------
  **EXPERIMENT 1**                                                                                                                                                                                               
  Wild-type                           0.849                                                                    0.537^a^                                      0.312               0.548      0.390^a^     0.158   
  *PLD*α*1*-antisense-suppressed      0.439^b^                                                                 0.362^b^                                      0.077   **0.040**   0.255^b^   0.236^b^     0.019   *0.073*
  **EXPERIMENT 2**                                                                                                                                                                                               
  Wild-type                           0.481                                                                    0.352^a^                                      0.129               0.199      0.166        0.033   
  *PLD*α*1*-antisense-suppressed      0.443                                                                    0.262^a,b^                                    0.181   *0.435*     0.191      0.126^a,b^   0.064   *0.311*
  *pld*α*1*                           0.439                                                                    0.312^a^                                      0.127   *0.971*     0.186      0.132^a^     0.054   *0.394*
  *gpa1*                              0.839^b^                                                                 0.419^a^                                      0.420   **0.029**   0.347^b^   0.197^a^     0.149   **0.044**
  **EXPERIMENT 3**                                                                                                                                                                                               
  Wild-type                           0.754                                                                    0.371^a^                                      0.383               0.379      0.203^a^     0.176   
  *pld*ζ*1*                           0.869                                                                    0.399^a^                                      0.470   *0.646*     0.447      0.212^a^     0.234   *0.574*
  *pld*ζ*2*                           0.568^b^                                                                 0.370^a^                                      0.197   **0.049**   0.281^b^   0.196^a^     0.085   *0.074*
  *pld*ζ*1*/*pld*ζ*2 double mutant*   0.515^b^                                                                 0.412                                         0.104   **0.014**   0.242^b^   0.217        0.026   **0.010**

*Leaves of *Arabidopsis thaliana* plants, grown at 21°C with a 12-h light/12-h dark cycle, were harvested 11 h into the dark and light periods. *n* = 17--20 for each group; average values are shown. Superscript "a" indicates that the PA level at the end of the dark period was significantly different (*p* \< 0.05) than that of the same genotype at the end of the light period. Superscript "b" indicates that the PA levels in mutant plants differed from those of wild-type plants (*p* \< 0.05) sampled under the same conditions at the same time. *p* Values for comparison of mutant plant leaf PA dark and light difference are indicated with significant values (*p* \< 0.05) indicated in bold italics*.

Discussion
==========

The data support the conclusion of Ekman et al. ([@B10]) that light and time of day affect lipid composition in *Arabidopsis* leaves. The results highlight the need for considering these factors in design of lipid profiling experiments.

The CID--TOF MS data confirm previous results showing that levels of 18:1 acyl chains in plant leaves are increased during the light period of the diurnal cycle and 18:3 levels are increased in the dark period (Browse et al., [@B7]; Ekman et al., [@B10]). Additionally the data show that 18:0, 16:1, and 16:2 are higher at the end of the light period and 16:3 is highest at the end of the dark period. The CID--TOF MS data are generally in concert with data on apparent molecular species obtained by direct infusion ESI triple quadrupole MS. ESI triple quadrupole MS data, determined at the level of total acyl carbons: total carbon--carbon double bonds, are annotated with individual acyl chains (Table [1](#T1){ref-type="table"}); the individual chain data were obtained through previous product ion analyses by our group and others (Welti et al., [@B31]; Devaiah et al., [@B9]; Burgos et al., [@B8]; Samarakoon et al., [@B22]). The only fatty acid chain with CID--TOF MS-observed overall levels not easily predicted from the molecular species analysis was 16:1. In *Arabidopsis* leaves, "16:1" is a combination of fatty acids, including 7,8-*cis*-16:1, a biosynthetic intermediate found in MGDG, and 3,4-*trans*-16:1, a biosynthetic product found in PG. The data on MGDG and PG species (Table [1](#T1){ref-type="table"}) suggest that 7,8-*cis*-16:1 may be higher in the light (like total 16:1, Table [2](#T2){ref-type="table"}), while 3,4-*trans*-16:1 may be higher in the dark period.

Figure [5](#F5){ref-type="fig"} depicts our interpretation of current thinking about polar lipid biosynthetic pathways and indicates that the lipid profile data presented here are consistent with the interpretation that fatty acid chains continue to become more unsaturated in the dark period, when fatty acid synthesis is slowed or stopped (Browse et al., [@B7]). The white areas in Figure [5](#F5){ref-type="fig"} show reactions that are temporally linked closely to fatty acid synthesis, which takes place within the plastid. In the plastid, fatty acids are sequentially transferred from acyl carrier protein (ACP) to glycerol-3-phosphate (G3P) to form mainly PA 34:1 (18:1/16:0; reviewed by Ohlrogge and Browse, [@B20]). PA 34:1 can be converted to diacylglycerol (DAG) 34:1 or used to form PG 34:1 (18:1/16:0). Fatty acid synthetic products, 16:0 and 18:1, can be transferred to the endoplasmic reticulum where the activated fatty acids are present as acyl CoAs (Ohlrogge and Browse, [@B20]). In the endoplasmic reticulum, 16:0 and 18:1 can be transferred sequentially to G3P to form PA, which is dephosphorylated to DAG, and PC can be synthesized from this DAG. If this occurs with 16:0 and 18:1 imported from the plastid, the PC products would be mainly 34:1 (16:0/18:1) and 36:2 (18:1/18:1). Side routes off the PA-to-PC pathway can produce PI, PE, PG, or PS with the same saturated or mono-unsaturated fatty acyl chains (Ohlrogge and Browse, [@B20]; Yamaoka et al., [@B32]).

![**Metabolic pathway in plant polar glycerolipid biosynthesis, based on Ohlrogge and Browse ([@B20]), Bates et al. ([@B3], [@B2]), and Benning ([@B4])**. The white area indicates lipid species that reach higher levels at the end of the light period than at the end of the dark period, and the blue area indicates lipids that are higher at the end of the dark period. The lower section of the diagram represents reactions that take place in the plant plastid and the upper section of the diagram represents reactions that take place outside the plastid (in the endoplasmic reticulum). PC hydrolysis by PLD is depicted on the upper right; among PLD gene products tested, PLDζ2 is most clearly implicated in formation of PA in the dark. No attempt is made to suggest specific details as to location within the plastidic or extraplastidic (endoplasmic reticulum) sites. Details are discussed in the text. Abbreviations not defined elsewhere include: ACP for acyl carrier protein, CoA for Coenzyme A, DAG for diacylglycerol, and G3P for glycerol-3-phosphate.](fpls-03-00049-g005){#F5}

The initially formed plastidic PG, galactolipids, and extraplastidically produced PC can be desaturated. The data show the later metabolites in the plastidic lipid desaturation pathway (the pathways leading to PG 34:4, MGDG 34:6, DGDG 34:3, and DGDG 34:6) are at higher levels at the end of the dark period than at the end of the light period, indicating that the final steps of plastidic desaturation continue when plants are in the dark. The positions of particular DGDG and MGDG species within their respective biosynthetic pathways account for the observations that DGDG 34:3 is high in the dark, while MGDG 34:3 is high in the light. Similarly, PG 32:1 is high in the dark because, when formed by the minor pathway that converts PA 16:0/16:0 to PG 16:0/16:0 and then to PG 16:0/3,4-*trans*-16:1, PG 32:1 lies at the terminal position in the pathway. Outside the plastid, desaturation can occur on PC, converting PC 34:1 sequentially to PC 34:2 to PC 34:3, and PC 36:2, stepwise, to PC 36:6.

Bates et al. ([@B3], [@B2]) have shown that PC is subject to "acyl editing," or release of a fatty acid (or fatty acyl CoA) and LPC. LPC can be acylated with a newly synthesized or released, activated acyl chain, or the released fatty acyl chain, which may be polyunsaturated, may be used to acylate G3P (or lysoPA). Rapid deacylation of less unsaturated PC species, such as PC 34:1 or PC 36:2, present at high levels in the light due to 16:0 and 18:1 synthesis, could produce LPC 18:1 and/or LPC 16:0 plus 16:0 and 18:1 or their CoA derivatives in the light (Bates et al., [@B3], [@B2]; Tjellström et al., [@B26]). Indeed, LPC 18:1 was observed at a high level at the end of the light period.

The incorporation of fatty acids released from PC into PA can provide for the formation of PI, extraplastidic PG, PE, and PS with polyunsaturated acyl chains (Bates et al., [@B2]). The data imply that this pathway continues in the dark period; this accounts for higher levels, particularly of PS species, in the dark. PS synthesis from PE (Yamaoka et al., [@B32]) may take a particularly long time, as it is toward the end of the synthetic sequence. "Eukaryotic" MGDG and DGDG (MGDG 36:6 and DGDG 36:6) are formed by import into the plastid and desaturation of primarily polyunsaturated acyl components from PC (reviewed by Benning, [@B4]). The data show that these species continue to be formed in the dark period.

Many PA species were also found to reach high levels at the end of the dark period. As just discussed, the observed cycling of PA may be due to continued fatty acyl desaturation and the incorporation of polyunsaturated fatty acyl chains into PA in the dark, raising PA levels. Also, the PA may be utilized less readily for synthesis of some membrane lipids in the dark than in the light, potentially due to light-dependence of biosynthetic machinery, causing PA levels to rise. Indeed, Yamaryo et al. ([@B33]) found that the action of MGDG synthase in cucumber cotyledons was dependent on the presence of light. On the other hand, the large magnitude of PA cycling in the diurnal cycle may suggest that another mechanism, such as PLD activity, could be contributing to PA production. Our data suggest that multiple mechanisms are involved in light--dark differences in total PA levels. Knockout or suppression of specific PLD genes does not remove light--dark differences completely, but knockout of PLDζ2 appeared to reduce light--dark differences in leaf total PA. PLDζs hydrolyze PC specifically (Li et al., [@B17]), and the highly unsaturated acyl composition of PA in the dark is consistent with the increase in PA being in part derived from hydrolysis of unsaturated PC by PLDζ2. Analysis of mutants related to PLDα1 function did not provide conclusive results, but hinted that PLDα1 may also contribute to observed PA diurnal changes. In terms of gene expression in leaves of Columbia-0 accession grown on a 12-h light/12-h dark cycle, neither PLDα1 nor PLDζ2 is expressed at higher levels in the dark. While PLDζ2 expression does not vary with light and dark, PLDα1 expression is slightly lower in the dark than in the light (Bläsing et al., [@B6]); lower expression would seem to be inconsistent with a role for PLDα1 in producing the observed PA increases in the dark. However, the enzymatic activities of PLDs are regulated by calcium binding, membrane-binding, and Gα interactions (Wang, [@B28]); in general, these interactions are more important in controlling PLD function than changes in gene expression.

It is interesting to consider the potential functional ramifications of the diurnal lipid compositional changes. The increased unsaturation of lipids formed in the dark, even at constant temperature, may provide a functional advantage for a plant coping with the lower temperatures that typically occur at night; plants subjected to cold generally do increase the unsaturation of their membrane lipids (e.g., Welti et al., [@B31]). PA and PS, both increasing at night, have the potential to regulate the function of proteins and/or participate in signaling cascades (Vance and Steenbergen, [@B27]; Wang et al., [@B29]). Homozygous knockout mutants in *Arabidopsis* *PHOSPHATIDYLSERINE SYNTHASE1* have no PS and are infertile dwarves; heterozygous plants have defects in microspore development (Yamaoka et al., [@B32]). In mammals, PS regulates the function of signaling proteins, including protein kinase C isoforms, cRaf1 protein kinase, and heat-shock protein Hsp70 (reviewed by Vance and Steenbergen, [@B27]). PA is known to bind to a variety of plant signaling proteins, including protein phosphatase 2C-like, ABI1, 3′-phosphoinositide-dependent kinase 1, AtPDK1, and Ca^2+^-dependent protein kinase CDPK (reviewed by Wang et al., [@B29]). Future analysis of lipid composition at the cellular and subcellular levels will be useful in dissecting the roles of lipid cycling.
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